A study of the effect of chemical composition on microstructure and hardness of the as-cast and homogenized Zn-Al-Cu alloys was carried out. Five different composition alloys were prepared and they were homogenized at 623 K for 648 ks in order to eliminate the dendritic structure. Rockwell ''B'' hardness was determined in the as-cast and homogenized alloys. XRD diffraction analysis of the as-cast and homogenized alloys indicated the presence of the , , ", , 0 and phases and , , ", , and 0 phases, respectively. The hardness of both the as-cast and homogenized alloys increased with the increase in volume fraction of the Cu-containing ", , and 0 phases. A multiple-linear regression analysis permitted to obtain the two equations, HRB As-cast ¼ 97:5 þ 6:8 ln (at%Cu)-4.7 ln (at%Zn) and HRB Homogenized ¼ 52:1 þ 3:6 ln (at%Cu)-27:5 ln (at%Zn), to assess the hardness in the as-cast and homogenized Zn-Al-Cu alloys.
Introduction
The Al-Zn-Cu ternary system is one of the most important alloy systems. It is important for the 7xxx series Al-based alloys 1) and Zn-Al based alloys, ZAMAK.
2) For instance, ZnAl-Cu alloys have been used in different tribological applications as a substitute to conventional bearing bronzes and cast irons.
3) Nevertheless, these alloys have some limitations such as dimensional stability because of the transformation of the metastable " (CuZn 4 ) with a hexagonal crystalline structure into the stable 0 (Al 4 Cu 3 Zn) phase with an ordered rhombohedric structure. It is formed by the fourphase reaction þ " ! þ 0 , which also involves the fcc Al-rich and cph Zn-rich phases. 4) Low tensile strength of these alloys at temperatures above room temperature has been attributed to the low melting-point and they also have low ductility and high cracking tendency originated by the presence of the Zn-rich and Cu-rich phases. In order to overcome these limitations, the change in chemical composition has been proposed 5) as an alternative. For instance, recently, it has been proposed 6) to change the base from zinc to aluminum. Replacing zinc with aluminum in the alloy system causes the formation of the stable (CuAl 2 ) with a tetragonal crystalline structure instead of the metastable " phase promoting a considerable higher ductility. 6) Therefore, the purpose of this work was to investigate the effect of change in chemical composition on the microstructure and mechanical properties, hardness, in order to establish a relationship which enables us to assess the hardness in the as-cast and homogenized alloys.
Experimental Procedure
Six compositions of Zn-Al-Cu alloys were prepared by melting of pure elements at 750 C under an argon atmosphere and then cooled slowly. These were designated as M1 to M5 and their compositions are shown in Table 1 . The alloy compositions were chosen from an isopletic line defined by the following equation: at% Al ¼ 0:9443 at% Cu þ 0:4968. Alloys were homogenized at 623 K (350 C) for 648 ks (180 h) in order to eliminate the dendritic structure. This temperature permits to homogenize all the alloys without any incipient melting. As-cast and homogenized samples of the alloys were prepared using standard metallographic techniques and subsequently etched in 0.5 cm 3 of fluorhidric acid and 99.5 cm 3 of distilled alcohol solution. Metallographic specimens were examined using optical and scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis with K copper radiation. The Rockwell ''B'' hardness of samples was determined according to the standard procedure.
Results and Discussion

Structural and microstructural characterizations
of alloys The X-ray patterns of the as-cast M1-M5 alloys are shown in Fig. 1 . It can be seen that the , , ", , 0 and phases are present in all the as-cast alloys. The equilibrium phases are the , and 0 for these alloy compositions at room temperature, according to the equilibrium Al-Cu-Zn diagram. 4) Besides, the increase in the intensity of X-ray diffraction peaks corresponding to the phase can be noted with the increase in copper and aluminum contents. The presence of the phase also increases with the zinc content. The amount of the and " phases showed no clear tendency for increasing or decreasing with the contents of aluminum or zinc, respectively. A small fraction of the metastable phase seems to be also present in all the as-cast alloys. The Zn-rich phase has an fcc crystalline structure.
2) Figure 2 shows the X ray patterns of the homogenized M1-M5 alloys. This figure indicated that the , and phases are present in all samples but the intensity of the 0 phase decreases with the increase in the percentage of copper and aluminum. The " phase was present in the M1, M2 and M3 alloys and the phase was only observed in the M4 and M5 alloys in addition to the , and 0 phases. The presence of the expected equilibrium , and 0 phase mixture was not detected in any composition. This suggests that the homogenizing time should be longer than 180 h in order to obtain the equilibrium phases.
Besides, the " phase fraction decreases with the increase in the content of copper and aluminum. In contrast, the phase can be only observed in the samples with the highest contents of copper and aluminum, M4 and M5. The four-phase reaction þ " ! þ 0 has been associated 1, 4) with the formation of the 0 phase. This reaction can be adopted as the reason for the disappearance of the " phase after the homogenizing treatment. In all samples, the metastable phase is not present after homogenizing. This phase is expected 4) to transform into a mixture of and phases according to the following phase reaction: ! þ .
The optical observation of the as-cast alloys shows the presence of a dendritic structure. SEM micrographs of the ascast M2, M3 and M4 alloys are shown in Fig. 3(a)-(c) , respectively. There are several microconstituents in the SEM micrographs. They correspond to the phases shown in the XRD pattern of Fig. 1 . The increase in volume fraction of the and " phases and phase is more evident with the increase in the content of copper and aluminum, respectively, Fig. 3(a)-(c) . Figure 4(a)-(d) shows the secondary electron SEM micrograph, for instance, for the as-cast M4 alloy and their corresponding Zn, Al and Cu SEM-EDS elemental mapping images, respectively. These SEM images verified the identification of microconstituents in Fig. 3(b)-(c) .
On the other hand, Fig. 5(a)-(c) shows the SEM micrographs corresponding to the homogenized M2, M3 and M4 alloys, respectively. Optical microscope observations indicated the disappearance of the dendritic structure for all the homogenized alloys. Besides, the presence of five microconstituents can be observed in these micrographs, , , " and 0 phases are observed in the homogenized M1, M2 and M3 alloys. While the , , " and phases are present in the homogenized M4 and M5 alloys. These microconstituents correspond to those detected in XRD pattern, Fig. 2 , and they were also verified by EDX-SEM analysis, as shown in Fig. 4 . The volume fraction of the and " phases and phase increases with the increase in the content of copper and aluminum, respectively. Figure 6 shows the average Rockwell ''B'' hardness, HRB, of the as-cast and homogenized M1-M5 alloys as a function of copper content. The hardness of the as-cast alloys is higher than that corresponding to the homogenized alloys. This is associated with the disappearance of dendritic structure and the phase. In general, there is an increase in hardness with the copper content. This behavior can be attributed to the presence of the copper-containing phases. That is, the phase formed in the as-cast alloys and the and 0 phases present in the homogenized alloys. The volume fraction of these two phases increases with the copper content as shown in Figs. 1-5. 3.3 Correlation between hardness and chemical composition Linear regression analyses were conducted in order to determine the correlation between the hardness and chemical composition of the as-cast and homogenized alloys. Tables 2  and 3 summarize the regression equations for the as-cast and homogenized alloys, respectively, with their corresponding adjusted contribution ratio R 2 and error considering the chemical composition, at% Cu and at% Zn, as the independent variables. The highest adjusted contribution ratio R 2 and the lowest error were obtained for the following multipleregression equations in the as-cast and homogenized alloys, respectively:
Hardness of the as-cast and homogenized alloys
HRB As-cast ¼ 97:5 þ 6:8 ln (at%Cu)-4.7 ln (at%Zn) ð1Þ HRB Homogenized ¼ 52:1 þ 3:6 ln (at%Cu)-27.5 ln (at%Zn) ð2Þ
That is, the best regression equations corresponded to a multiple-linear equation using natural logarithm for the independent variables in both the as-cast and homogenized alloys. It is interesting to notice that the regression coefficients are positive for the at% Cu and negative for the at% Zn. These coefficients suggest that the presence and Assessment of Hardness in As-Cast and Homogenized Zn-Al-Cu Alloysincrease in volume fraction of the Cu-containing phases, ", and 0 phases, are mainly responsible for the increase in hardness. Besides, the presence of the Al-rich phase has been reported 7, 8) to act as a strengthening and toughening phase. An increase of hardness with the increase in Al content was also reported in this work. In contrast, the presence and increase in volume fraction of the Zn-rich phase is the origin of the decrease in hardness. This phase has a lower plastic property. 8) This type of equations might be useful for the alloy design. It could be used to estimate the hardness of an alloy of a given composition or to establish the chemical composition of a new alloy with a given hardness. For instance, Figs. 7 and 8 show the plots of calculated hardness, HRB, against the experimental one for both the as-cast and homogenized alloys, respectively. It can be seen that the data points are very close to the straight lines with a slope of 1. This means that the estimation of hardness with eqs. (1) and (2) seems to be good enough for the as-cast and homogenized Zn-Al-Cu alloys.
Conclusions
A study of the effect of chemical composition on microstructure and hardness was carried out in the as-cast and homogenized Zn-Al-Cu alloys and the conclusions are summarized as follows:
(1) Hardness of both the as-cast and homogenized alloys increased with the increase in volume fraction of the Cu-containing ", , and 0 phases. (2) A multiple-linear regression analysis permitted to obtain the two equations, HRB As-cast ¼ 97:5 þ 6:8 ln (at% Cu)-4.7 ln (at% Zn) and HRB Homogenized ¼ 52:1 þ 3:6 ln (at% Cu)-27.5 ln (at% Zn), to assess the hardness in the as-cast and homogenized Zn-Al-Cu alloys. 
